In April and May 2011, there was a serious food-poisoning outbreak in Japan caused by enterohemorrhagic Escherichia coli (EHEC) strains O111:H8 and O157:H7 from raw beef dishes at branches of a barbecue restaurant. This outbreak involved 181 infected patients, including 34 hemolytic-uremic syndrome (HUS) cases (19%). Among the 34 HUS patients, 21 developed acute encephalopathy (AE) and 5 died. Patient stool specimens yielded E. coli O111 and O157 strains. We also detected both EHEC O111 stx 2 and stx-negative E. coli O111 strains in a stock of meat block from the restaurant. Pulsed-field gel electrophoresis (PFGE) and multilocus variable-number tandem-repeat analysis (MLVA) showed that the stx-negative E. coli O111 isolates were closely related to EHEC O111 stx 2 isolates. Although the EHEC O157 strains had diverse stx gene profiles (stx 1 , stx 2 , and stx 1 stx 2 ), the PFGE and MLVA analyses indicated that these isolates originated from a single clone. Deletion of the Stx2-converting prophage from the EHEC O111 stx 2 isolates was frequently observed during in vitro growth, suggesting that strain conversion from an EHEC O111 stx 2 to an stx-negative strain may have occurred during infection. Outbreak Investigation Team, unpublished data). A total of 941 individuals ate at the restaurant chain from 19 April to 4 May 2011, and 181 presented as outbreak-related cases, including 34 HUS cases. Only 55 of the 181 infections were confirmed by laboratory isolation to be from the EHEC O111 and/or O157 serogroups. Of the 34 HUS cases, 21 developed acute encephalopathy and 5 died. Here, we report studies characterizing the E. coli O111 and O157 strains isolated from the cases in this outbreak.
E nterohemorrhagic Escherichia coli (EHEC) strains cause a variety of human illnesses, such as uncomplicated diarrhea, hemorrhagic colitis, hemolytic-uremic syndrome (HUS), and related acute encephalopathy (1) . Shiga toxin 1 (Stx1) and Stx2 are EHEC virulence factors that cause endothelial cell damage with consecutive systemic thrombotic microangiopathy, resulting in hemorrhagic colitis and subsequent renal failure and involvement of other organs (1) (2) (3) (4) .
EHEC infection is a category III notifiable infectious disease in Japan, according to the Law Concerning the Prevention of Infectious Diseases and Medical Care for Patients of Infections (Infectious Diseases Control Law). All EHEC cases must be reported by the physician who made the diagnosis. Prefectural and municipal public health institutes (PHIs) conduct EHEC isolation, serotyping, and verotoxin (VT) typing and report their results to the Infectious Disease Surveillance Center (IDSC) of the National Institute of Infectious Diseases (NIID), Japan. Approximately 4,000 cases are reported annually. O157 is the most common EHEC serogroup in gastrointestinal tract infections, accounting for 60 to 70% of the reported EHEC infections. Among non-O157 EHEC serogroups, O26 is the second most common serogroup, accounting for 20 to 25% of the EHEC cases, followed by serogroups O111, O121, and O103.
Hemolytic-uremic syndrome (HUS) is an illness characterized by acute kidney injury, thrombocytopenia, and microangiopathic hemolytic anemia. Approximately 100 HUS cases associated with EHEC infections are reported annually in Japan, corresponding to 3 to 4% of the symptomatic EHEC infections. EHEC O157 is the most prevalent EHEC serogroup causing HUS, accounting for approximately 90% of the HUS cases identified among EHEC isolates. However, a wide variety of EHEC non-O157 serogroups might also cause HUS.
The EHEC O111 serogroup is the etiological agent of approximately 4% of the EHEC cases in Japan (5) . During 2006 to 2010, there were 83 EHEC outbreaks in Japan, in which 10 or more EHEC-positive cases were reported. Six of these outbreaks were caused by EHEC O111 strains (6-10): three by EHEC O111 stx 1 strains, and the other three by EHEC O111 stx 1 stx 2 strains. EHEC O111 stx 2 isolates are very rare in Japan, consistent with data from other countries (11) (12) (13) . Although some serious outbreaks due to EHEC O111 isolates have been reported in Western countries (14) (15) (16) , EHEC O111 outbreaks with serious complications, like HUS, have been rare in Japan.
The important EHEC virulence factors are Stx1 and Stx2 and the locus of enterocyte effacement (LEE) element that is responsible for intimate adhesion to host intestinal cells. The stx 1 and stx 2 genes are encoded in different but similar prophage genomes. The loss and gain of these prophages must affect EHEC virulence. Since Stx-converting phages have been reported to be lost during in vitro culture (17, 18) , they may also be lost under in vivo conditions, although no conclusive in vivo data are currently available.
There was a large EHEC outbreak in Japan in April and May 2011. A case-control study showed that raw beef dishes consumed at a chain of barbecue restaurants were the vehicles for these infections (Y. Yahata, T. Misaki, Y. Ishida, M. Nagira, M. Watahiki, J. Isobe, J. Terajima, S. Iyoda, J. Mitobe, M. Ohnishi, T. Sata, K. ml), destained by washing with distilled water, and photographed with ChemiDoc XRS (Bio-Rad Laboratories).
Multilocus variable-number tandem-repeat analysis. Multilocus variable-number tandem-repeat analysis (MLVA) was carried out as described in previous reports (25, 26) . The PCR products labeled at the 5= termini of the target loci for MLVA were separated using an ABI 3130xl Genetic Analyzer (Applied Biosystems). The repeat copy number for a null allele (i.e., when no PCR product was obtained) was designated Ϫ2.
Detection of virulence-related genes. Test strains were selected from 10, nine, five, two, and two representative isolates of the EHEC O111:H8 stx 2 , stx-negative E. coli O111, EHEC O157 stx 1 stx 2 , EHEC O157 stx 1 , and EHEC O157 stx 2 isolates, respectively. The E. coli strains were resuspended in 200 l of 5% (wt/vol) Chelex 100 resin (27) and heated for 10 min at 100°C. After centrifugation, the supernatants were quantified by using a NanoDrop ND-1000 (Thermo Fisher Scientific). The DNA preparations were diluted to a final concentration of 10 ng/l and used as a template for PCR. The PCR primers used to detect stx genes were commercially purchased EVC-1 and EVC-2 to simultaneously detect common stx genes, EVT-1 and EVT-2 to detect stx 1 , and EVS-1 and EVS-2 to detect stx 2 (TaKaRa Bio, Inc.). Other virulence-related genes were analyzed by a multiplex PCR-based protocol (28) . The target genes were stx 1 , stx 2 , eae, CVD432, aggR, invE, elt (labile toxin [LT] gene), esth (saitohin [STh] gene), estp (sulfotransferase [STp] gene), bfp, EAF, and astA. The Stxencoding genes, stx 1 and stx 2 , of the EHEC isolates in this outbreak were subtyped using PCR (29) .
To detect the norV gene (30), a primer pair was designed from the EHEC O111 genome norV sequence (GenBank accession no. AP010960): norV-337f (5=-CAT ACC TCA CCG AGT G-3=) and norV-914r (5=-GAG CGG AAG ACA TTG GTC AGG-3=). To detect the ospG gene (31), the primer pair was ospG-F (5=-CCA TTT GAG AAT AAT AAT TCT CAT GCT G-3=) and ospG-R (5=-GCA TTT GTA ATC GTC GGT CGA TAA TC-3=).
Titration of Stx in EHEC cultures. To detect Shiga toxin in the culture medium of the EHEC isolates, the strains were grown in Casamino Acidyeast extract (CA-YE) medium (Denka Seiken Co., Ltd., Tokyo, Japan) overnight with shaking at 35°C. Each culture was centrifuged (900 ϫ g for 15 min), and the supernatant was used for the Stx1 and Stx2 assays. Each toxin was detected in a 2-fold dilution series of the supernatant by a verotoxin E. coli reversed passive latex agglutination assay (VTEC-RPLA) (Denka Seiken Co., Ltd., Tokyo, Japan), according to the manufacturer's specifications. The toxin titers were expressed as the maximum dilution with a positive reaction.
RESULTS

Isolation of EHEC from patients.
During this outbreak, we identified 34 patients with HUS cases and, in the early phase of the outbreak, stx-negative E. coli O111-positive cases were identified. Therefore, we reexamined the stool specimens that had given culture-negative results. After enrichment using anti-LPS (O111 or O157) antibody-conjugated magnetic beads, multiple colonies (usually 4 or more; at most, 800 colonies) were checked for stx genes. A total of 55 patients were found to be positive for EHEC O111 with fliC H8 and/or O157 with fliC H7 . These laboratory-confirmed cases were divided into three groups: only EHEC O111 isolated (group 1), both EHEC O157 and O111 isolated (group 2), and only EHEC O157 isolated (group 3). The groups contained 25, 12, and 18 cases, respectively (Table 1) . Of the 37 EHEC O111positive cases (groups 1 and 2), 17 developed HUS, including 13 cases of acute encephalopathy. However, of the 30 EHEC O157positive cases (groups 2 and 3), only 9 cases developed HUS, including 6 cases of acute encephalopathy. Therefore, the HUS rate in patients infected with group 1 EHEC was 28%, with group 2 EHEC was 67%, and with group 3 EHEC was 6%.
We did not isolate any EHEC strains from 126 of the 181 cases ( (32) . An interesting feature of this outbreak was that stx-negative E. coli O111 strains were isolated from patient stool specimens. In addition, EHEC O157 strains with several types of toxins were isolated. These results are summarized in Table 2 . stx-negative E. coli O111 organisms were isolated from 28 of the 55 EHEC-positive cases (groups 1, 2, and 3) and from 24 of the 126 EHECnegative cases (group 4). Further analysis was carried out on 37 EHEC O111 stx 2 , 49 stx-negative E. coli O111, 25 EHEC O157 stx 1 , 10 EHEC O157 stx 2 , and 4 EHEC O157 stx 1 stx 2 strains, in addition to an EHEC O111 stx 2 and a stx-negative E. coli O111 isolate from a beef sample from the same lot as the suspected contaminated food, the raw beef dish yukhoe.
Molecular typing of E. coli isolates. If an EHEC strain loses its Stx prophage during infection, the resulting strain is an stx-negative eae-positive strain. Therefore, PFGE molecular typing was carried out to investigate the genetic relationships between the stx-positive and -negative EHEC O111 strains in this study. The PFGE patterns are shown in Fig. 1 . All EHEC O111 stx 2 strains, including an isolate from a beef sample, had the same XbaI digestion pattern (Fig. 1A, lane 1) , except one strain that had a similar pattern but with a three-band difference (Fig. 1A, lane 3) . Of the 50 stx-negative EHEC O111 strains, 48 (96%), including an isolate from a beef sample, had the pattern shown in Fig. 1A , lane 2. There was only a two-band difference between the patterns of almost all stx-positive and -negative EHEC O111 strains (cf. Fig. 1A , lanes 1 and 2). A comparison of these PFGE patterns identified an approximately 550-kb band in stx-positive EHEC O111 strains that was not present in the patterns of stx-negative EHEC O111 strains, as well as an approximately 490-kb band in stx-negative EHEC O111 strains that was not present in the patterns of stx-positive EHEC O111 strains. The size difference of these bands, 60 kb, corresponds to the genome size of Stx-converting phages (33) . 
Total no. of positive isolates 37 52 c 25 10 4
a Groups 1 to 4 are defined in the Table 1 footnotes. b Symbols indicate that the strain was isolated (ϩ) or not isolated (Ϫ). c Of these 52 isolates, 3 were not available and were therefore excluded from further analysis. To confirm the genetic relationship of the EHEC O111 isolates from the outbreak, MLVA was carried out. Of the 88 E. coli O111 isolates, including the isolate from a beef sample, 80 (including both stx-positive and -negative isolates) had an identical MLVA profile. The remaining eight EHEC O111 isolates had similar MLVA profiles, but each had a repeat number variation at one locus among the 18 loci. These data strongly suggest that the E. coli O111 strains isolated during this outbreak were genetically closely related. The isolates from beef had a PFGE type (Fig. 1A, lane 1) and MLVA type (MLVA-O111) that appeared to be identical to those of the most prevalent stx-positive and -negative E. coli O111 isolates from clinical specimens, supporting the hypothesis that yukhoe beef was the vehicle for this outbreak.
The EHEC O157 isolates in this study were also analyzed by PFGE and MLVA to investigate the genetic relatedness of the three different toxin types present in these strains. There were three groups of EHEC O157 isolates based on a PFGE analysis of their XbaI restriction digest patterns, with one-to three-band differences ( Fig. 1B) . Of the 39 O157 isolates, 30 showed an identical PFGE pattern (Fig. 1B, lane 1) . This pattern was found in all the EHEC O157 isolates carrying stx 1 stx 2 , stx 1 , and stx 2 . An analysis of the MLVA results showed that the 39 EHEC O157 strains could be divided into five MLVA types (Fig. 2B ). MLVA-O157 was the most commonly found MLVA type in 31 of the 39 strains and included strains with all three toxin types: stx 1 stx 2 , stx 1 , and stx 2 . The remaining eight EHEC O157 strains were single-locus variants of MLVA-O157, each with a repeat number variation at locus 10 (see Fig.2 , table for E. coli O157 in Fig. 2 ). Therefore, although EHEC O157 strains possessing different toxin types were isolated during this outbreak, all of the strains may have originated from a single common strain.
Shiga toxin production and other virulence markers. This outbreak produced an extraordinary number of cases of HUS and encephalopathy. In this outbreak, proinflammatory cytokines were induced in most patients with acute encephalopathy and severe HUS (34, 35) . In addition to E. coli LPS, Stx1 and Stx2 can induce expression and synthesis of cytokines in Caco-2 cells, a human colon epithelial cell line (36) . Therefore, we attempted to estimate the amount of Stx1 and Stx2 present in the culture media of EHEC strains isolated from outbreak patients. The 8 isolates of EHEC O111 stx 2 and 3 isolates of EHEC O157 stx 1 stx 2 produced Stx2 titers of 1:64 and 1:32, respectively, which were lower than those produced by EHEC O111 strain 11128 and EHEC O157 strain Sakai (1:128 and 1:256, respectively). The Stx1 titer of the EHEC O157 stx 1 stx 2 strains was also lower than that of the EHEC O157 strain Sakai (1:32 versus 1:128). To investigate additional potential virulence factors, like the hybrid type of STEC isolated in Germany in 2011 (36) , the presence of major diarrheagenic E. coli virulence factors was examined by PCR. EHEC O111 stx 2 , toxin-negative E. coli, and EHEC O157 isolates carried eae, hlyA, and ospG but were negative for CVD432, aggR, invE, elt, esth, bfp, EAF, and astA (data not shown). EHEC O111 strains had an intact norV gene, but EHEC O157 strains had a deletion in the norV gene (data not shown).
Furthermore, PCR subtyping of the Stx1 and Stx2 toxins from both the EHEC O111 and O157 strains in this outbreak showed that the toxins were types Stx1a and Stx2a.
Stability of the stx 2 gene during EHEC subculture. The EHEC isolates from some clinical specimens appeared to have lost the stx 2 gene during isolation and growth on the agar plates. For some EHEC O111 strains, we noted that the PFGE patterns, which were confirmed by PCR to be stx 2 positive, sometimes changed to the PFGE pattern of stx-negative E. coli O111 strains. To investigate the stability of the Stx2 prophage, 10 O111 colonies (1 to 10) isolated from a stool specimen were picked, and each colony was spread on a TSA plate. A portion of each overnight subculture was transferred to a new TSA plate, and then this procedure was repeated to produce two subcultures. After the overnight culture, the subcultures were tested using colony-sweep PCR for stx 2 , and the five stx 2 -positive colonies were selected from the primary isolates for the second subculture ( Fig. 3) . After the first subculture, the amount of PCR amplicon produced from isolate 6 was less than that produced from the other isolates. After the second subculture, no PCR stx 2 amplicon was seen in two of the five isolates ( Fig. 3, isolates 1 and 6) . The E. coli O111 strain, which converted to stx 2 negative in this experiment, had a PFGE pattern that was identical to that of the stx-negative E. coli O111 strains (data not shown), indicating that an Stx2 prophage had been lost during subculture. Collectively, these data indicate that some Stx2 prophages in the EHEC O111 strains isolated in this outbreak were unstable during in vitro cultivation, and they suggest that loss of the Stx2 prophage may have occurred in the infected patients.
DISCUSSION
Several reports have identified EHEC-associated HUS cases that no longer shed EHEC but do shed stx-negative EHEC organisms that presumably lost stx during infection (18, (37) (38) (39) . Stx is the most important EHEC virulence factor, causing the specific clinical features of EHEC infection (1) (2) (3) (4) . Therefore, stx-negative E. coli organisms may be produced by excision of the Stx-converting phage during infection. In agreement with this suggestion, more stx-negative EHEC strains have been isolated at follow-up testing of EHEC-infected patients (38) . In HUS patients who shed only stx-negative EHEC, the etiology of HUS can be missed using current bacteriological methods based on detecting only the stx gene or Stx. This can hamper epidemiological investigations and lead to inappropriate clinical management, especially with a cluster of sporadic cases.
The etiology of the EHEC O111/O157 outbreak studied here was confirmed in only 18 of the 34 HUS cases by isolating EHEC O111 (9 cases), EHEC O157 (1 case), and both EHEC O111 and O157 (8 cases). The remaining 16 HUS cases were EHEC negative, even after extensive efforts to isolate EHEC, with up to 800 E. coli colonies examined after O111 enrichment using immunomagnetic beads. Since serologically positive results for the E. coli O111 antigen were found from all but one of the EHEC-negative HUS cases (32) , EHEC O111 may be the primary cause of the severe HUS complications. An stx-negative E. coli O111 strain was isolated from most EHEC-positive HUS cases (13 of 18 HUS cases) and from a few EHEC-negative HUS cases (3 of 16 HUS cases). We also isolated EHEC O111 stx 2 and stx-negative E. coli O111 organisms from a beef sample from the same lot as the suspected infection vehicle. Therefore, conversion from stx-positive to stx-negative E. coli O111 may occur in contaminated food, during infection, and/or bacteriological testing. The subculture data presented here show that the EHEC O111 stx 2 isolates in this study can lose the Stx2 prophage during in vitro subculture (Fig. 3 ). This may have biased our bacteriological analyses, resulting in an underestimation of the scale of the outbreak. Since the loss of the stx gene was not consistent in all EHEC O111 isolates in this study, with some isolates remaining stx 2 positive during subculture and other isolates losing stx 2 , the molecular mechanism and factors affecting the loss of the stx 2 phage require further study.
Bielaszewka et al. (40) reported the isolation of stx-negative EHEC organisms from approximately 5% of the HUS patients. In that report, the majority of the stx-negative/eae-positive isolates belonged to serogroups O26, O103, O145, and O157:H7/NM, but no stx-negative/eae-positive E. coli O111 isolates were reported. The absence of stx-negative/eae-positive E. coli O111 isolates in the HUS patients may be explained by the fact that a majority of the EHEC O111 isolates possessed stx 1 solely or in combination with stx 2 (13) , and the Stx1 prophage of EHEC O111 is thought to be defective, resulting in immobilization and stability in the EHEC chromosome (41) . In contrast to a previous investigation (39) , there were 16 HUS cases (47.1% [16 in 34 HUS cases]) in this outbreak from patients whose stools contained stx-negative E. coli subcultures. Ten O111 colonies (1 to 10) isolated from a stool specimen were picked, and each colony was spread on a TSA plate (A). A portion of each overnight subculture was transferred to a new TSA plate, and then this procedure was repeated to produce two subcultures. Following overnight incubation, the subcultures were tested using colony-sweep PCR for stx 2 (A, B, and C), and the five stx 2 -positive colonies (1, 2, 4, 5, and 6) from the primary isolates were selected for the second round of subculture (C). The stx 2 and 16S rRNA gene amplicons were 404 bp and 544 bp, respectively. Sakai, EHEC O157 stx 1 stx 2 Sakai strain as a positive control; NC, template DNA-free reaction as a negative control. O111 strains. It is probably because EHEC O111 in this outbreak possessed the Stx2 prophage only, which was unstable and progressively lost from the genome. An HUS outbreak in Italy in 1992 may have involved a similar loss of Stx phages during EHEC O111 infection (15) . That HUS outbreak had nine HUS cases, including 6 cases that were diagnosed by detecting a serum antibody to E. coli O111 LPS. Stx-producing E. coli was isolated from a stool specimen in only one case. Unfortunately, there were no data on the isolation of stx-negative strains.
The prevalence of HUS (19% [34 of 181 EHEC-infected patients]) was unexpectedly high in the 2011 outbreak, even if the suspected cases are included in the calculation. The most probable explanation for this relatively high HUS prevalence is that the concentration of EHEC in the EHEC-contaminated food was high. However, the EHEC O111 and EHEC O157 concentrations in the vehicles for the outbreak studied here are not known. We were unable to examine the raw beef dish, yukhoe, which was the vehicle for EHEC O111, and thus far, the vehicle for EHEC O157 has not been confirmed. The cytokine profiles of the patients with serious complications in this outbreak indicate that massive induction of proinflammatory cytokines may have contributed to the development of serious complications (34, 35) . The high level of cytokine induction may have been due to LPS release in the intestinal tract, although it remains unclear how LPS-dependent induction might have occurred in this outbreak. In addition, although Stx1 and Stx2 may induce cytokines, including tumor necrosis factor alpha, the amount of Stx2 production in the EHEC O111 strains, as well as Stx1 and Stx 2 production in the EHEC O157 strains, in this outbreak was low or similar to that in EHEC O111 strain 11128 and EHEC O157 Sakai by in vitro testing. Unfortunately, we did not determine the reasons for this high HUS prevalence using the in vitro bacteriological testing alone. Another possibility is that the instability of the Stx2 prophages in the EHEC O111 strains may have played a role in the high HUS prevalence in this outbreak. Mellmann et al. (42) suggested that stx-negative EHEC strains might be the recipients of Stx-converting phages from isogenic stx-positive strains. In fact, we detected many Stx2 phage plaques in the culture lysates of some EHEC O111 isolates following incubation with mitomycin C, as well as in some of the bloody stool specimens (data not shown). Almost all of these plaques were shown to be stx 2 positive by the PCR assay, and these phages were found to be functional Stx2-converting phages. This would suggest a highly dynamic system that converts in both directions by the loss or gain of Stx2 phages. This cycling lifestyle might be enhanced by a mixture of stx-positive EHEC organisms and its isogenic stx-negative strain in the contaminated vehicle or during infection. Further studies of integrated prophages in both the EHEC O111 and EHEC O157 strains isolated during this outbreak need to be carried out, because the dynamic conversion of these strains might influence the outcome of disease.
